Abstract Several types of streamflow droughts in northern Nigeria can be distinguished, including short droughts which cluster in the rainy season, long droughts which span the dry season, and multiyear droughts. The latter are not analysed in this paper because of limited record length. The duration of short droughts follow a Weibull distribution while the durations of long droughts are normally distributed. As drought duration and deficit are highly correlated, similar probability distributions apply to the deficits. The starting date of droughts can be described by normal distributions. It is suggested that while the occupants of the desert fringe have adapted to long droughts that last the dry seasons, improved knowledge of short drought occurrences is beneficial to the planning of activities for the rainy period.
INTRODUCTION
Streamflow droughts may be defined as low flows below a specified level of concern, or truncation level (Dracup et al., 1980; Zelenhasic & Salvai, 1987) . Such droughts have large implications to those who depend on rivers for irrigation and other rural water use. Although closely related to low rainfall, the timing and severity of these events are not always coincident with rainfall droughts because of the complexity of the processes which transform precipitation into streamflow (Ben-Zvi, 1987) . Furthermore, compared with rainfall, streamflow as a source of water supply is more amenable to human manipulation including flow control, diversion and storage. Knowledge concerning the duration and severity of streamflow droughts should therefore be useful in planning for activities which rely directly on streamflow, including farming, livestock raising and domestic water supply. The information may also be used to plan for the transfer of water in known quantities to a drought area either from alternative water sources or from water stored during wet periods (Sen, 1976) . This makes the analysis of streamflow droughts all the more distinctive when compared with rainfall droughts.
In spite of these streamflow considerations, previous studies of Sahelian droughts have focussed almost exclusively on meteorological events (e.g. Adefolalu, 1986; Nicholson, 1981; Oladikpo, 1985) , creating a gap in the drought literature of the region. It is the purpose of this paper to examine the probability distributions of three attributes (timing, duration and deficit) of streamflow drought events using discharge records from several Nigerian rivers. When discussing the frequency and severity of droughts, it is necessary to consider the minimum level of flow required by different rural activities. For example, the amount of water required for growing tomatoes differs from the amount needed for rice cultivation. For this reason, it is necessary to consider not one but several levels of truncation in the demarcation of droughts. Each truncation level may correspond to the water demand of a certain activity. Hence, the probability of drought for any activity within a region may be estimated once its water requirements are known. Results from this study should be applicable to other drought-prone areas in the Sahel.
STUDY AREA AND STREAMFLOW DATA
Northern Nigeria has a semiarid, tropical climate dominated by the tropical maritime air mass which brings rain from April to October and by the dry, dusty tropical continental air mass that prevails from October to March. Average annual rainfall ranges from 500 to 1000 mm (Fig. 1) , and the number of rain days is between 40 and 100 per year. The region has low relief, with most rivers originating from the Central High Plains (elevation 700 m a.m.s.L). The smaller rivers (basin area under 1000 km 2 ) dry up soon after the cessation of rainfall, and most of the large rivers cease to flow in the dry season.
A network of gauging stations was established for the larger rivers in the 1960s, but their records suffer from discontinuities and low reliability because of early reliance on manual gauge reading by inadequately trained personnel (Benoit, 1978; Mian, 1977; Ojo & Oyebande, 1987; WRECA, 1974) . Close scrutiny of daily discharge data revealed several recognizable types of error or problems, including breaks in the record, abrupt jumps and drops along the recession limbs, sharp peaks and troughs of one to two day duration (probably typographical errors), unnaturally long periods of constant flow, and sudden change in discharge value from the end of a calendar year to the beginning of the next. Experience with hydrographs and the local hydrological conditions permitted some of these errors to be corrected, but no rigorous procedures could be established to rectify, indeed to identify, all the data problems. Many northern Nigerian rivers have been dammed in an effort to meet increasing water demands. The flow regimes of these regulated rivers are no longer natural and represent a new dimension to water supply considerations. The present study included only rivers with natural flows. Based on their geographical locations, the length of their records and the apparent reliability of their data, four rivers in the western (Rima), central (Iggi and Tubo) and eastern (Yedzeram) sectors of northern Nigeria were selected (Fig. 1) . These rivers provide 18 to 28 years of record and there were no obvious trends in their annual flows (Fig. 2) .
METHODS OF ANALYSIS
Seven truncation levels were applied to each flow record as arbitrary limits to define drought. These were based on 80, 82.5, 85, 87.5, 90, 92.5 and 95 percentiles of non-exceedance on the flow duration curves. Given the large proportion of zero flow events for Sahelian rivers, these are not unreasonably high levels for drought demarcation (Fig. 3) . Figure 4 is a diagrammatic definition of drought events. Q r is the truncation level, r i is the duration of event i (in days) and D t is the deficit. The starting date of the ith event, a h is on the Julian day when downward crossing 500 £ 400 1960 1964 1968 1972 1976 1980 1984 1988 Mean annual runoff of the four rivers selected for this study.
of Q r occurs. D t is expressed in units of mm:
(1)
where <2 fc and <2 r are the mean daily discharge and the truncation level (m 3 s 1 ), and A is the basin area (km 2 ). Each event was considered as a realization of the stochastic process that produced the drought. For practical considerations and to preserve the independence of events, any contiguous events separated by a short inter-event time were pooled (Fig. 4) . A six-day inter-event time was proposed by Zelenhasic & Salvai (1987) and this was adopted in the present study as any brief inter-event streamflow rises will seldom ameliorate a drought event.
The probability distributions of the three attributes of a drought event (a, T and D) were analysed by fitting some known distributions to the empirical data. The goodness of fit was based on small root-mean-square error (RMSE) values, Kolmogorov-Smirnov statistics and theoretical considerations.
LOW FLOW EVENTS
When various truncation levels were applied to the flow records of the four selected rivers, two major clusters of low flow or streamflow drought events could be identified. One group had shorter duration (its events were shorter than two months) and tended to occur during the rainy season, the other group often lasting between nine months to under two years and spanning the dry season of each year (Fig. 5) . At higher truncation levels, another group of multi-year droughts emerged. 
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Fig. 5 Identification of three drought types based on duration of drought events for four truncation levels, Tubo River.
The segregation of non-multiannual events into short and long droughts conveys the physical connotation that the hydrological system manifests temporary and seasonal failures in sustaining flows to meet the demand at a specified level of Q r . The effects of changing Q r on the duration and frequency of droughts were examined by systematically raising the truncation level from 60 to 99% of the flow duration in steps of one percentile. It was observed that as Q r was raised to above the 80 percentile of flow, some short droughts that occur at the beginning or the end of the season were subsumed by the long droughts, thereby increasing their durations but reducing the frequencies. Above the 90 percentile truncation level, some long droughts merged to form multi-year events which seriously affected those activities that demand such a high level of water supply. Unfortunately, the relatively short historical record that was available prevented further statistical analysis of these multi-annual droughts.
At high truncation levels, some short droughts also coalesced and their frequencies diminished. However, the merging of short droughts alone (i.e. without being attached to long droughts) could not attain the minimum duration of any long drought, or:
where r/min) is the minimum duration of a long drought, and r (?) is the duration of the ith short drought, with n being the total number of short droughts in a rainy season. This fact confirmed the distinctiveness of the two groups of low flow events.
Both short and long drought events were tested for autocorrelation. The low order correlation coefficients fell within the 95% confidence limits (Matalas, 1967) , indicating that the events could be treated as independent, random variables. Tables 1 and 2 show the means and standard deviations of the duration, deficit and starting date of short and long droughts as defined by several truncation levels for the four selected rivers. Short droughts had average durations of under 10 days while the long drought durations averaged over nine months. In general, average drought duration increased as the truncation level was raised. Deficits varied more widely, with Tubo often showing the highest and Yedzeram the lowest deficits at most truncation levels, though the Iggi long droughts generated the largest deficits at truncation levels exceeding 90%. Typical deficits from short droughts ranged from 0.1 to 10 mm per event. For long droughts, Yedzeram showed a range of 6.8 mm at Q r = 80% to 61 mm at Q r =95%, while the Iggi exhibited a range of 83 mm at Q r = 80% to 1426 mm at Q r = 95%. The mean arrival date of short droughts ranged from Julian day 210 to 240, being earlier for Tubo and the latest for Yedzeram. Mean timing of long droughts could be as early as Julian day 232 (Rima at Q r = 95%) or as late as Julian day 289 (Yedzeram at Q r = 80%).
HYPOTHETICAL PROBABILITY DISTRIBUTIONS
Several probability distributions may be fitted to the duration, deficit and time of occurrence of droughts. In this study, the normal, exponential and Weibull distributions were selected based on theoretical support, practical considerations and experience gained from other studies on low flows. Sen (1980) considered the deficit to comprise a number of individual deficits, each being a random variable. Then, through the central limit theorem, the total deficit can be approximated by a normal distribution:
Normal distribution
where [x and cr 2 are its parameters which can be estimated by the mean and the variance of the data (Haan, 1977) . The time of occurrence of a drought event, which is analogous but opposite to the arrival of a flood event, may also be modelled by a normal distribution (Waylen & Woo, 1983) . Zelenhasic & Salvai (1987) proposed the exponential distribution for drought deficit and duration: 
Exponential distribution
where X and s are parameters of the distribution, and the use of s allows the data to be shifted from the origin.
Weibull distribution
Weibull (1951) applied this distribution to describe the failure of a chain due to the failure of its weakest link;
with a and h being its parameters. This distribution has been found to be useful in modelling failures (Tsokos, 1972) and extreme values which are drawn from a parent distribution that is limited in the direction of interest (Haan, 1977) . Naturally, low flows are bounded by zero since they cannot assume negative values. Furthermore, a streamflow drought may be considered to have failed (terminated) when one of the components of the water supply system (say, rainfall or groundwater recharge) is able to replenish the flow. These considerations lend validity to the choice of the Weibull distribution to model streamflow droughts.
FITTING DISTRIBUTIONS TO DROUGHT CHARACTERISTICS
The relative frequencies of drought occurrence date, drought duration and deficits for the four rivers at seven truncation levels were fitted with the above three distributions. At most truncation levels, one or more events could appear as outliers, being recognized in this study as events that were longer than the overall means of all events by more than three standard deviations. For short droughts, these probably represented extremes of the distributions, but their inclusion in the subsequent analyses could distort the probability estimates because of insufficient observations at the upper end of the distributions. For long droughts, the emergence of outliers is associated with the occurrence of multi-year droughts which constitute a distinct drought category. These outliers were excluded to preserve the homogeneity of the samples. With the exclusion of the outliers, there are about 20 to 30 short droughts and around 15 to 25 long droughts available for the Iggi, Tubo and Rima rivers (Tables 1 and 2 ). The Yedzeram, with a much shorter flow record (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) , offered less than 15 events at each truncation level.
Drought duration and deficit
Kolmogorov-Smirnov tests (at 95% significance level) indicated that the Weibull distribution was not rejected for the duration and deficit of short or long droughts at any level of truncation, except for the Yedzeram River short drought deficit at Q r = 82.5%. The normal distribution was rejected only for the short droughts of Rima (Q r = 90%) and Tubo (Q r = 90 and 95%). The exponential distribution was consistently rejected at several truncation levels. Moreover, the RMSE resulting from exponential fitting was usually the highest compared with fitting by the other distribution (Fig. 6) .
Further comparison of the RMSE suggested that for short droughts, the Weibull fit yielded lower RMSE than the normal distribution, but the reverse held for long droughts. This may be supported by physical considerations. In the rainy season when the short droughts occur, basin storage has not suffered a significant draw-down and water delivered from any one component of the hydrological system (e.g. groundwater recharge, individual rainstorm) can terminate the drought event. The Weibull distribution therefore appeared to be suitable. While short droughts occurred as the inter-tropical discontinuity (ITD) oscillated over the region during the rainy season, long droughts began only when the ITD moved away from the region (Ojo, 1977) . Termination of the seasonal droughts was associated with the return of the ITD from the south. In this case, the onset and end of seasonal droughts were expected to occur around some mean dates. The duration of such droughts will vary about a long-term mean value. Through the central limit theorem, the probability of the deviations from such a mean value will converge to a normal distribution.
At all truncation levels, drought duration and deficit were correlated, as is shown by the high correlation coefficients (Table 3) . Like drought durations, the Weibull distribution was appropriate for short drought deficits and the normal distribution was suitable for long drought deficits (Fig. 7) . This is in agreement with Zelenhasic & Salvai's (1987) observation that "there exists an approximate equality of probability of occurrence of extreme drought deficit and extreme drought duration", 
Starting date of droughts
Both the normal and the Weibull distributions provided satisfactory fits of the arrival dates of short and long droughts, but the exponential distribution was rejected by the Kolmogorov-Smirnov test in many cases. The RMSE of the normal distribution fit was smaller than that of the Weibull fit for the short droughts, but the reverse was found for the long droughts (Fig. 8) . Other than this, there is no statistical justification for discriminating between the performances of these two distributions. One possibility is that under some circumstances, the Weibull approximates the normal distribution (Tsokos, 1972) . The normal distribution appeared to be suitable to describe the timing of events, as it was found to be useful to represent high flow occurrences in the partial duration analysis of floods (Waylen & Woo, 1983) .
DISCUSSION AND CONCLUSIONS
Despite the reliance of many Sahelian communities on streamflow for water supply, there is a dearth of literature on streamflow droughts. As far as is known, this study is the first attempt to define the probability distributions of three major attributes of low flow events for the region, viz. the timing, duration and deficit.
A truncation level represents a critical limit below which streamflow becomes inadequate to meet water demands. Several hypothetical truncation levels were used in this study and the analytical technique could be extended easily to any other truncation level of concern. The findings of this study indicate that drought events should be separated into two or more subpopulations. Most commonly, short droughts lasting for days to weeks occurred during the rainy season and long droughts were indicative of the extent of the "dry season" when water was below the demand (truncation) level for a period of months. Multi-year droughts were also identified but because of the short flow records available, they were not analysed in the present study. The duration of short droughts can be represented by the Weibull distribution. This conclusion is consistent with the findings of other probabilistic studies on droughts (Eratakulan, 1970; Nathan & McMahon, 1990) . The normal distribution is suitable for describing the duration of long droughts which are associated with the seasonal movement of the ITD. Since drought duration and deficit are highly correlated, similar distributions apply to drought deficits. The normal distribution may be used for the starting date of both short and long drought events.
The findings of this study have management applications. The two drought types are related to different physical processes and warrant separate considerations. Long droughts, which last through the dry season, are recurrent phenomena and the inhabitants of the desert fringe have made longterm adaptations to such events. What they are unprepared for are the multiannual droughts (which could not be studied here due to the limited length of available streamflow records) and the short droughts that cluster within the rainy season. The occurrence of short droughts is related to the fluctuating position and the persistence of the ITD in the sub-Saharan zone during the rainy season, and to the short-term moisture storage status of the drainage basins. These short droughts have not been given much attention previously, but they create uncertainties that affect human activities (e.g. planting of crops during the wet season). Better knowledge of the probability distributions of drought characteristics will help the planning of activities in the Sahelian regions.
